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Research Objectives

The primary goal of this work was to understand in detail the relative contributions of water
column optical properties, bottom morphology, bottom material reflectances, bottom
bidirectional reflectance distribution functions (BRDFs), and external environmental
conditions on remote-sensing reflectances in optically shallow waters. A secondary goal of
the work was to participate in various collaborations with other investigators on oceanic
optics problems of Navy interest.

Various methodologies are now under development for the extraction of environmental
information such as water-column absorption and scattering properties, bottom depth, and
bottom type from remotely sensed hyperspectral imagery obtained in optically shallow
waters. Regardless of the methodology used, errors in measured or predicted hyperspectral
remote-sensing reflectances RJ(I) will degrade our ability to extract information from the
spectra. The potential errors therefore must be understood.

A "look-up-table" (LUT) methodology for extraction of environmental information from
measured Rr spectra is under development with separate funding (Mobley et al., 2004). That
technique relies on matching computed and measured R. spectra. To assess the potential
errors in the spectrum matching, and to ascertain where additional effort should be expended
in improving the underlying LUT databases, it is necessary to know when and how each
potential source of error in computed R. spectra comes in to play.

Other research performed under this contract include investigations of radiometer self
shading, underwater visibility, analytical modeling of remote sensing reflectances in both
deep and shallow Case 2 waters, semianalytical methods for inversion of the radiative
transfer equation, and the use of neural networks and multilinear regression for inversion of
ocean color spectra.



Approach

In my primary research, I used a combination of HydroLight (www.hydrolight.info; Mobley
and Sundman, 2001 a, 200 lb) and Monte Carlo numerical modeling to quantify how various
sources of error influence predicted RP spectra. For example, one can expect that water-
column absorption and scattering properties (including phase function effects) will be less
(more) important for shallow (deep) waters, and that bottom properties (BRDF, material
reflectance) will be more (less) important in shallow (deep) waters. However, the interplay
of these error sources is complex and simple rules for error analysis are hard to develop.
Detailed numerical simulations and validation with observational data are needed for full
understanding.

In my secondary work, I used both HydroLight and my Backward Monte Carlo Three
Dimensional (BMC3D) code to carry out the needed simulations.

Work Completed

The primary work quantifying sensor, sky, water-column, and bottom effects on retrieval of
environmental information from remote-sensing reflectances was presented at Ocean Optics
XVII, held in Fremantle, Australia in October 2004. Those results are now being prepared
for submission as a refereed journal article.

Additional work completed and published under this contract includes the following:

"* A study of self-shading of in-water radiometers (Leathers, Downes, and Mobley,
2004; this paper is attached as Appendix A), which included shallow water effects.
This work used the BMC3D Monte Carlo code previously developed with ONR
funding under the CoBOP program.

"* Development of an analytical model for prediction of remote-sensing reflectances in
both deep and shallow waters Case 2 waters (Albert and Mobley, 2004; this paper is
attached as Appendix B), which used my HydroLight model.

"* A study ofbioluminescence and underwater visibility (Johnsen, Widder, and Mobley,
2004; this paper is attached as Appendix C), which used a modified version of my
BMC3D Monte Carlo code for computation of the needed Point Spread Functions.

"• A comparison of neural networks and regression algorithms for inversion of remote-
sensing reflectances (Dransfeld, Tatnall, Robinson, and Mobley; this paper is
attached as Appendix D), which used HydroLight to generate test data.

"• Investigation of shape-factor models for use in retrieving inherent optical properties
from remote sensing reflectances (Hoge, Lyon, Mobley, and Sundman, 2003; this
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0 Investigation of shape-factor models for use in retrieving inherent optical properties
from remote sensing reflectances (Hoge, Lyon, Mobley, and Sundman, 2003; this
paper is attached as Appendix E), which used HydroLight.

0 Completion of a technical report documenting the Monte Carlo techniques used in
several of my studies (Leathers, Downes, Davis, and Mobley, 2004; this report is
available on CD, published by NRL-DC).

Results

Consider, as one example of my primary investigations, the LUT methodology for retrieval
of bathymetry in optically shallow waters. The HydroLight-generated Rrs spectrum database
used to match the image Rrs spectra was created with various sets of inherent optical
properties (IOPs, namely the absorption a, scattering b, and backscattering bb coefficients).
Suppose the database includes R,, spectra corresponding to a and b coefficients that are
representative of the imaged water, but does not have in it R,, spectra corresponding to the
backscatter fraction B = b/bb values that occurred in nature at the time the image was
acquired. The database Rs spectra will then be a mismatch for the image R.3 spectra, and
errors in the retrieved bathymetry will result. We thus ask how important it is that the
database contains IOPs with the correct B; i.e., how large are the bathymetry errors if the
database B values do not correspond to those in nature.

Figure 1 shows four points in the vicinity of Lee Stocking Island, Bahamas, for which water-
column IOPs, bathymetry, and bottom classification are known from field observations and
are well described in the existing LUT database. These points correspond to shallow (2 m
depth) and deeper (8 m) sand (highly reflecting) and seagrass (dark) bottoms. Figure 2 shows
the corresponding PHILLS spectra and the closest-matching spectra from the LUT database.

Starting with the "known answers" for these points, I generated Rrs spectra for B values
ranging from 0.005 to 0.05 (total backscatter fraction, including water and particles), whereas
the correct value was near 0.02. The depths (2 m and 8 m) and bottom types (sand and grass)
were held the same. I then treated the newly generated Rrs spectra as though they were image
spectra and searched the database, which contained only spectra with B near 0.02, to retrieve
the known depths.

Figure 3 shows a histogram of the depths retrieved when the database does not contain the
correct water column B values. For the 2 m depth, the retrievals always gave the correct
depth, which was included in the database at intervals of 0.25 m. In other words, the
mismatch between the actual (for various B values) and database spectra was not enough to
trigger selecting a bottom spectrum that was off by as much as 0.25 m. For such shallow
water, the water column backscatter fraction is thus unimportant. For the 8 m depth, the
correct depth of 8 m was retrieved 80% of the time over the bright sand bottom, but there
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was a spread of retrieved depths (7 to 9.5 m) over the dark grass bottom. This shows the
importance of having the correct backscatter fraction, all else being the same, as a function
of bottom depth and type.

As another example of this type of study, I generated IOPs with various a, b, and bb spectra:
namely for 5 sets of a-a,, 5 sets of b-b,, and 5 backscatter fractions, for a total of 125
combinations of IOPs. Figure 4 shows the corresponding Rrs spectra for the absorption
perturbations (with the scattering and backscattering spectra held constant at their baseline
values). Figure 5 shows the histogram of depth retrievals for the 125 combinations of IOP
perturbations. We again see that the depth retrievals are quite good. Even for the dark
seagrass bottom and 8 m, for which the IOPs are most important, the depth is retrieved to
within ±1 m in 85% of the cases.

Similar studies were carried out to assess the importance of the bottom BRDF (Lambertian
vs non-Lambertian BRDFs), bottom irradiance reflectance, bottom slope, rippled bottoms
(as opposed to smooth flat bottoms), sky conditions, sensor noise, and the like. Without
going into the details of each aspect of the study, the overall conclusions from these
investigations can be summarized as follows:

"* Retrievals of depth, bottom reflectance, and water-column IOPs are not degraded by
typical amounts of sensor noise (e.g., random noise, spikes, dropoff near 400 nm).

"* Systematic offsets in measured RS do degrade retrievals, but such offsets are often
easy to identify and correct.

"* Non-Lambertian bottoms (not included in the present LUT database) can cause
depth-retrieval errors of -10% (i.e., std dev of retrieved depths / true depth -0.1).

"* Sun angle (30 to 60 deg) and off-nadir viewing direction (out to -30 deg) are not
critical for LUT retrievals.

"* Random noise in IOPs does not degrade retrievals.

"* Systematic perturbations in IOPs can cause depth errors of -10% for darker and
deeper bottoms.

I am currently completing the study of the effects of environmental conditions on remote-
sensing reflectances and the implications for LUT retrieval of bathymetry and bottom
classification. This work was described in a talk at the Ocean Optics XVII conference. A
journal article presentation of the full suite of studies is in preparation.

The results of the secondary studies can be seen in the attached reprints of the resulting
journal articles and therefore will not be discussed here.
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Impact and Applications

Hyperspectral imagery is increasingly used for a wide range of problems from mapping and
monitoring seagrass beds and coral reefs to remote sensing of bathymetry and bottom
classification for military applications. For quantitative analysis of hyperspectral imagery
it is necessary to have calibrated, accurate hyperspectral reflectance spectra. This need in
turn makes it necessary to evaluate in detail the various sources of error in such spectra. By
quantifying various error sources, this work provides guidance as to where additional effort
should be expended to improve measurements and models used in the analysis of
hyperspectral data.

The secondary investigations contribute to our overall knowledge of underwater visibility
and to the development of a wide range of tools for extraction of environmental information
from remote-sensed ocean color data in a variety of waters (deep or shallow, Case 1 or Case
2). All of these topics are of great Navy relevance, as well as of interest to the optical
oceanography research community in general.

Collaborations and Related Projects

This work used data sets, imagery, and models (namely PHILLS imagery and the BMC3D
computer code) previously obtained or developed during the ONR CoBOP program. This
work directly contributed to my separately funded work on developing the look-up-table
methodology for extraction of environmental information from hyperspectral imagery.

My primary work was done in close collaboration with Paul Bissett, Dave Kohler, Mubin
Kadawala, Bhavesh Goswami, and others at the Florida Environmental Research Institute.
PHILLS imagery and other collaborations were provided by Curtiss Davis, Robert Leathers,
Valerie Downes, Marcos Montes and others at the Naval Research Lab, Washington D.C.

The collaborations on the secondary work can be seen in the author list of the attached
publications.
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Figure 1. PHILLS image of the Adderly Cut area near Lee Stocking Island, Bahamas. The

numbered points are the pixels where I performed detailed calculations to evaluate the

various sources of error in computed remote-sensing reflectances.
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Fig. 2. Measured (PHILLS, blue curves) and closest-matching LUT database (red curves)

spectra. These spectra were the starting points for the study.
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Figure 3. Histograms showing the errors in the retrieved bottom depths if the database of
remote-sensing reflectances does not contain the correct water-column backscatter fraction.
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in Fig. 4 for the absorption perturbations.).
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Appendix A.

Self-shading correction for oceanographic
upwelling radiometers

Robert A. Leathers, Trijntje Valerie Downes

Optical Sciences Division. U S. Naval Research Laboratory
4555 Overlook Avenue SW, Washington, DC 20375

leathersynrl.naw.mnll downes(Qnrl.navv.mil

Curtis D. Mobley
Sequoia Scientific. 2700 Richards Road Suite 107, Bellevue, Washington 98005

mobleviA~eguoiasci.co'

Abstract: We present the derivation of an analytical model for the self-
shading error of an oceanographic upwelling radiometer. The radiometer is
assumed to be cylindrical and can either be a profiling instrument or include
a wider cylindrical buoy for floating at the sea surface. The model treats
both optically shallow and optically deep water conditions and can be
applied any distance off the seafloor. We evaluate the model by comparing
its results to those from Monte Carlo simulations. The analytical model
performs well over a large range of environmental conditions and provides a
significant improvement to previous analytical models. The model is
intended for investigators who need to apply self-shading corrections to
radiometer data but who do not have the ability to compute shading
corrections with Monte Carlo simulations. The model also can provide
guidance for instrument design and cruise planning.

02004 Optical Society of America

OCIS codes: (010.4450) Ocean Optics; (290.4210) Multiple Scattering
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1. Introduction

When a radiometer is positioned to measure upwelling light, its shadow decreases the
magnitude of the local light field, causing measured values of upwelling radiance, and hence
remote sensing reflectance, to be too low. The magnitude of the error depends on wavelength,
sensor size, water turbidity, and illumination conditions [1], and in shallow water it also
depends on the water depth and seafloor reflectivity [2]. The self-shading error has a direct
effect on the measurement of atmospheric optical thickness and on remote sensing sensor
calibration. Furthermore, because the magnitude of the shading error is wavelength
dependent, algorithms that depend on the spectral shape of upwelling radiance to determine
water properties, water depth, or water characteristics [3-7] will also return erroneous results.
Therefore, proper ocean optics protocols dictate that shading corrections should be routinely
applied to all in situ upwelling light measurements [8]. Unfortunately, instrument
manufacturers do not typically provide self-shading correction algorithms for their products.

We developed a Monte Carlo code [2] to compute the self-shading of buoyed radiometer
data collected in 1999 and 2000 at Lee Stocking Island (LSI), Bahamas [5-7]. The self-
shading of upwelling radiometers has also been investigated by other researchers [1, 9-11];
however, none of these investigations consider optically shallow waters such as those at LSI
nor do they account for the additional shading caused by a flotation buoy such as that on the
Hyper-TSRB.

The objective of this paper is to present a new analytical self-shading correction model for
buoyed and unbuoyed upwelling radiometers. We evaluate the model with numerical
simulations and then discuss the model's uses and limitations. Although Monte Carlo
computations provide a more accurate method for making self-shading corrections, we believe
that analytical or semianalytical models are more likely to be implemented by the general
community because of the ease of which they can be disseminated and applied.

2. Model derivation

We present separate analytical shading corrections for a sensor optically far from the seafloor
and a sensor close to the seafloor and then combine the two into one general correction
algorithm. We derive the shading correction for a radiometer far from the seafloor by
considering the idealized model shown in Fig. 1, which is a slightly generalized version of the
model used by Gordon and Ding [1]. A small sensor with infinitesimally small field of view
(FOV) is positioned at a distance z, below a shading disk of radius r. The shading disk can
represent the bottom of either the sensor head (if z, = 0) or a buoy (if z, > 0). The solar
illumination is taken to be collimated and the amount of in-water scattering by water is
assumed to be small enough to not significantly disturb the collimated nature of downwelling
light. The goal is to determine how much the measured upwelling radiance is reduced by the
shadow that falls across the sensor's line of sight.

The depth to which the shadow lies across the sensor's line of sight is [1]
z = r/tanO" , (1)

where the in-water solar zenith angle 6 is related to the above-water solar zenith angle 66 by
[12]

80, = sin"' (sinOo/l.338). (2)
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